The aim of this study is to investigate, by means of experimental measurements and full-wave simulations, the dominant factors for the very high-resolution (VHR) radar image speckles from exponentially correlated rough surfaces. A Ka-band radar system was used to collect the return signal from such a surface sample fabricated by 3D printing and that signal was further processed into images at different resolution scales, where the image samples were obtained by horizontally turning around the surface sample. To cross-validate the results and to further discuss the VHR speckle properties, full wave simulations by full 3D Finite Difference Time Domain (FDTD) method were conducted with 1600 realizations for the speckle analysis. At the considered very high resolution, speckle statistics show divergence from the fully developed Rayleigh distribution. The factors that impact on the high-resolution speckle properties from exponentially correlated rough surface, are analyzed in views of the equivalent number of scatterers theory and scattering scales, respectively. From the data results and extended discussions, it is evident that both of the above factors matter for VHR speckle of backscattering, from the exponentially correlated rough surface as a good representative for the ground surface.
Introduction
In the context of radar imagery, understanding the speckle properties is imperative for both image de-noising and applications such as land-cover classification and parameters retrieval [1] [2] [3] [4] . Radar speckle arises due to the coherent sum of numerous distributed scattering contributions [3] . A general assumption is the "fully developed" speckle model, which is applicable when the resolution cell size is much larger than the correlation length (l) of the ground surface [3] . This requirement may be met in low-to-medium image resolution. The fully developed speckle model is based on the following two hypotheses: (1) total scattering is contributed by independent scatters; (2) there is a sufficiently large number of scatters contributing to a resolution cell so that a complex Gaussian distribution is followed. For VHR radar images, these assumptions are no longer valid. As a result, the K-distribution is often applied to model the speckles [5, 6] .
Radar backscattering and its speckle statistic variation with the resolution cell size or antenna footprint has been a subject of interest in rough surface scattering [7] [8] [9] [10] [11] . In Reference [7] , the convergence of backscattering coefficients versus footprint size was studied by 1-D method of moment solution. By theoretical models and indoor SAR experiments in EMSL. In Reference [8, 9] , the dependence of polarimetric backscattering characteristics from Gaussian correlated rough surfaces on the SAR
Experimental and Numerical Methods
In this work, to study the VHR rough surface speckles, both the experiments and full-wave numerical simulations are conducted. In this section, the configurations and procedures are to be demonstrated.
The Rough Surface Samples
In this paper, an exponential correlation function for the random rough surface is used since it describes better for the natural ground surface [4] . For both the experimental target fabrication and numerical discretization, digital samples are generated. Specifically, the spectrum method is used to generate digital samples, as that: by generating the roughness spectrum components with random phase and amplitude distribution following Equation (1) , then performing inverse Fourier transform, one obtains the digital sample. The statistical roughness parameters of the rough surface samples are listed in Table 1 . In addition, the roughness spectrum of the exponential correlation surfaces is plotted in Figure 1 .
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where h is surface RMS height and l is correlation length (autocorrelation length). where is surface RMS height and l is correlation length (autocorrelation length). In fact, it has been difficult to actually fabricate an exponentially correlated experimental sample, due to the rich high frequency roughness. In this work, the 3D printing technique was utilized for the fabrication. This technique allows one to directly manufacture actual samples based on the computergenerated digital sample with designed parameters, as shown in Table 1 . In Figure 2 , the CAD model and actually fabricated sample for the experimental study are presented. As should be noted, the considered sample has rich high frequency roughness, which generates numerous local scatters, leading to the strong speckle effects. More specifically, the FDM (Fused Deposition Modeling) technique is utilized for the fabrication. In this 3D printing process, very thin lines of fused materials are continuously printed to construct a structure and a 100% filling rate can be achieved to form a solid. By this way the shaping accuracy of about 0.5 mm can be achieved, which is approximately λ/20 in the Ka band and sufficient for the imaging study. The main advantage of this technique is that it permits the usage of lossy material, so as to generate samples simulating the half space rough surface scattering scenario, such as the moist soil ground. In this work, the measured permittivity is 6.22-j2.86 at 32 GHz and that value was used in the FDTD computations.
On the other hand, in order to obtain the speckle results numerically, one requires a large number of digital surface samples to accomplish a statistical simulation [4] . In this work, the following procedures are excised: first a very large rough surface mesh is generated on grids, then In fact, it has been difficult to actually fabricate an exponentially correlated experimental sample, due to the rich high frequency roughness. In this work, the 3D printing technique was utilized for the fabrication. This technique allows one to directly manufacture actual samples based on the computer-generated digital sample with designed parameters, as shown in Table 1 . In Figure 2 , the CAD model and actually fabricated sample for the experimental study are presented. As should be noted, the considered sample has rich high frequency roughness, which generates numerous local scatters, leading to the strong speckle effects.
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On the other hand, in order to obtain the speckle results numerically, one requires a large number of digital surface samples to accomplish a statistical simulation [4] . In this work, the following procedures are excised: first a very large rough surface mesh is generated on grids, then the digital sample for each realization (400 × 400 meshing points) is cut from that large mesh. In the cutting, one sample is neighboring and overlapping to next with 100 discretize interval (100 × interval sizẽ 31 mm) distant, which is close to the footprint size in diameter in the numerical simulations. For the speckle study, 1600 (40 × 40) samples are obtained for one to achieve an enough number of realizations. The digital samples are then input into the FDTD simulator one by one for computing scattering in the 3D computational domain.
Experimental Configuration and Procedure
The experimental imaging system is constructed based on a vector network analyzer (VNA) and a 1D scanner, as shown in Figure 3 . To achieve the rough surface imaging in the chamber, the measurements are performed in the Ka band. Detailed configuration parameters include: the track span (L) is 800 mm with an interval of 8 mm; the distance between the target scene center and the antenna (T/R) is approximately 1400 mm; the transmitting and receiving antennas are of 20 dBi gain with a half power beam angle of 17 • . In the implementation, the height difference H and distance D can be varied accordingly to achieve the beam direction or incident direction angle θ i of 30 • , 40 • , 50 • and even 60 • . The target is placed on a low-scattering supporting cylinder made of the foam material, which is set on a motor driven rotation platform (for φ rotation as shown in Figure 3 ). Multiple image acquisitions should be achieved for the speckle statistics. More specifically, in each case of θ i , the imaging measurements for the rough surface sample are performed 20 times and after each time φ is changed with an equal angular interval, as shown in Figure 3 . Therefore, 20 images are obtained for a specific θ i , then speckle statistical analysis can be conducted based on those results. the digital sample for each realization (400 × 400 meshing points) is cut from that large mesh. In the cutting, one sample is neighboring and overlapping to next with 100 discretize interval (100 × interval size ~31 mm) distant, which is close to the footprint size in diameter in the numerical simulations. For the speckle study, 1600 (40 × 40) samples are obtained for one to achieve an enough number of realizations. The digital samples are then input into the FDTD simulator one by one for computing scattering in the 3D computational domain.
The experimental imaging system is constructed based on a vector network analyzer (VNA) and a 1D scanner, as shown in Figure 3 . To achieve the rough surface imaging in the chamber, the measurements are performed in the Ka band. Detailed configuration parameters include: the track span (L) is 800 mm with an interval of 8 mm; the distance between the target scene center and the antenna (T/R) is approximately 1400 mm; the transmitting and receiving antennas are of 20 dBi gain with a half power beam angle of 17°. In the implementation, the height difference H and distance D can be varied accordingly to achieve the beam direction or incident direction angle θi of 30°, 40°, 50° and even 60°. The target is placed on a low-scattering supporting cylinder made of the foam material, which is set on a motor driven rotation platform (for φ rotation as shown in Figure 3 ). Multiple image acquisitions should be achieved for the speckle statistics. More specifically, in each case of θi, the imaging measurements for the rough surface sample are performed 20 times and after each time φ is changed with an equal angular interval, as shown in Figure 3 . Therefore, 20 images are obtained for a specific θi, then speckle statistical analysis can be conducted based on those results. In the scanning measurement, the scattering signals were captured through the antennas and VNA all along the scanning track and all over the Ka band. Then different bandwidths and synthetic aperture lengths were selected to achieve different spatial resolutions (in ground range), as concluded In the scanning measurement, the scattering signals were captured through the antennas and VNA all along the scanning track and all over the Ka band. Then different bandwidths and synthetic aperture lengths were selected to achieve different spatial resolutions (in ground range), as concluded in Table 2 . During the image processing, the Kaiser window (β = 2.5) was utilized along the frequency and aperture signal. And the resolution cell size in Table 2 are realized in the presence of the Kaiser window.
For radiometric calibrate, one metal sphere of 30 mm in diameter was used as the RCS reference. However, to study the speckle statistics of image amplitudes, ideally the rough surface sample should be uniformly illuminated by the transmitting antenna and uniformly viewed by the receiving antenna. Unfortunately, the antenna patterns are not uniform on the measured sample and their effects must be Remote Sens. 2018, 10, 1369 5 of 18 compensated, including those of both the transmitting and receiving antennas. In addition to the RCS calibration with one metal sphere and the range amplitude compensations commonly implemented in SAR processing, we further measured the images from a column of 3 metal balls in the ground range direction. Based on the image of these balls, the antenna pattern weighting was fitted along the range and that fitted weighting function was then utilized to compensate the image amplitude, as shown in Figures 3 and 4 .
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Finally, after the images from the rough surface were processed, calibrated and compensated, the amplitude speckle results were obtained for the VHR radar speckle analysis. 
Numerical Simulation Configuration and Procedure
Although the experimental study is the most straightforward and reliable approach, it is restricted by the actual rough surface sample in both the aspects of number and size. On the other hand, the full-wave full-3D Finite Difference Time Domain (FDTD) simulator provides with complementary and extensible data support. This numerical method has been reported in computing scattering from layered and heterogeneous rough surfaces [14, 15] . The FDTD simulator used in this work is developed based on that reported in reference [16] which is a full-3D simulator and by performing simulations on a large number of samples (realizations) one can get the backscattering results for speckle analysis as well as averaged scattering coefficients. Figure 5 shows the simulation configuration in each realization, which is a typical scene for the half-space scattering. In general, the tapered incident beam is injected by the Total Field/Scatter Field boundary (TF/SF), below that boundary the incident beam immerges to illuminate the rough surface and above that the boundary scattered field can be extracted. The Huygens Aperture collects the recorded near-field scattered field and turns that into far-field results like scattering coefficients. On the other hand, the Perfect Matching Layer (PML) is used to truncate the computation domain without introducing disturbing reflections. 
Although the experimental study is the most straightforward and reliable approach, it is restricted by the actual rough surface sample in both the aspects of number and size. On the other hand, the full-wave full-3D Finite Difference Time Domain (FDTD) simulator provides with complementary and extensible data support. This numerical method has been reported in computing scattering from layered and heterogeneous rough surfaces [14, 15] . The FDTD simulator used in this work is developed based on that reported in reference [16] which is a full-3D simulator and by performing simulations on a large number of samples (realizations) one can get the backscattering results for speckle analysis as well as averaged scattering coefficients. Figure 5 shows the simulation configuration in each realization, which is a typical scene for the half-space scattering. In general, the tapered incident beam is injected by the Total Field/Scatter Field boundary (TF/SF), below that boundary the incident beam immerges to illuminate the rough surface and above that the boundary scattered field can be extracted. The Huygens Aperture collects the recorded near-field scattered field and turns that into far-field results like scattering coefficients. On the Remote Sens. 2018, 10, 1369 6 of 18 other hand, the Perfect Matching Layer (PML) is used to truncate the computation domain without introducing disturbing reflections. In this work, a tapered wave with the fixed ground footprint is set for the illumination. In each realization, the incident beam is always pointing to the center of the rough surface. In this work, different incident angles θ i are considered, namely, 30 • , 40 • and 50 • . Furthermore, cases of different surface RMS heights h are also considered to support the extended discussions. The discretization cell size in the FDTD simulation is set to 1/30λ at 32 GHz, which is sufficient in modeling the high frequency roughness of the exponentially correlated rough surface.
In general, the aim of this simulation work, which is similar to that reported in Reference [4] , is to investigate speckles by counting backscattering far-field amplitude results over a large number of realizations. The difference is that we focused on the VHR situation, which means we used a smaller tapered wave illumination region than those in the general rough surface scattering simulations. Specifically, the simulated resolution cell size is defined by the beam footprint in the numerical studies, realized by setting the footprint size equal to the required value (30 mm in a diameter for 3 dB edge power drop). The detailed computation parameters are summarized in Table 3 and these simulations are performed to support the conclusions drawn from the VHR radar imaging experiments with a 30 mm resolution as well as further discussions. The simulations were run on a 2-way Intel Xeon workstation with octal channel memories: one set of 1600 realizations required approximately 1 week, with each realization taking less than 5 min. * ds denotes the discretizing interval in the computation domain. + Yee cell is the mesh cell in the FDTD.
Verification Results with AIEM
In this section, we present the verification results to validate the fabricated experimental sample and the utilized numerical simulator, with the reference of results by the Advanced Integral Equation Method (AIEM) [17] for the rough surface scattering. The AIEM model results from an approximate but accurately enough solution of integral equations that govern the surface fields. It has been proven that the AIEM model is able to accurately predict the scattering from randomly rough surfaces. The detailed formulation of the AIEM model can be found in Reference [17, 18] and a recent application example in scattering from rough soil surfaces is referred to [19] .
First, to validate the fabricated sample for the experimental imaging tests, we directly measured its scattering coefficients without imaging process. Since in the scattering coefficient measurement only one data sample can be obtained through one measurement, apparently more angular samples (in φ) are needed than those for the imaging measurement. Actually, more than 48 sets of backscattering data were obtained by the φ angle rotation in this case. The backscattering RCS data were obtained with the calibration by the metal sphere and then normalized into scattering coefficient, by the actual section of the rough surface sample. The measured scattering coefficients are compared with the AIEM model predictions at different θ i , clearly, good agreement can be observed in the Figure 6 . Table 4 ).
Secondly, to validate the FDTD simulator, the computational domain was increased to 1200 × 1200 × 180 Yee cells in the domain size, so as to obtain converged scattering coefficients. In other words, the rough surface aperture size was increased to 40λ × 40λ. It should be noted that, in common scattering simulations for rough surfaces [4] , the aperture size of 32λ × 32λ is electrically large enough. Because of the huge computational burden, with one realization requiring approximately 1 h, only 50 realizations are performed to obtain the averaged scattering coefficients distributions over the upper space. Again, the AIEM results are utilized as reference and two sets of results are compared in Figure 7 . Although the FDTD results failed in presenting a smooth contour due to the insufficiently large realization number, the results by numerical and analytical methods clearly agree well with each other in the distribution patterns.
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The Differences in Experimental and Numerical Studies
Before the results are presented and discussed, there are some differences in the experimental and numerical configurations that should be concluded and noted, for referencing purposes.
First, in the experimental study, the image results are obtained in RCS with unit of m 2 ; while in 
First, in the experimental study, the image results are obtained in RCS with unit of m 2 ; while in the numerical study, the scattering coefficients without unit of m 2 , are computed without imaging process. To make a direct correspondence for the speckle results, the PDF of the measured image amplitudes and the simulated scattering amplitudes are normalized by the averaged intensity (RCS σ RCS in experimental images and scattering coefficient σ 0 in numerical simulations), respectively. The averaged σ RCS from the experimental images can also be normalized into σ 0 by using:
where ρ gr and ρ a are the ground range resolution and azimuth resolution, respectively. In the experimental measurement, sufficient measurement samples are gathered by rotating the sample surface in azimuthal direction. In the numerical simulations, a large number of realizations are simulated for the speckle analysis.
Speckle Description
Based on the measured images and the simulated backscattering returns, the speckle properties can be obtained.
First, the PDF can be computed for the amplitude and compared to the well-known Rayleigh distribution and K-distribution. The equations of the two aforementioned PDF models can be found below. The Rayleigh distribution for the fully developed speckle takes the form:
where A is the amplitude normalized by the square root of mean intensity (I = A 2 ). The K-distribution, is given by
where α is the shape factor coefficients. A larger α will push the K-distribution closer to the Rayleigh distribution that describes the fully-developed speckle. The α value for the K-distribution fitting are obtained by the fourth order moment of < A 4 > (i.e., second order moment of mean normalized intensity), using:
The standard deviation to mean ratio (γ) of the amplitude can be obtained as:
where γ can also be used to check the speckle properties. For reference, the fully developed speckle whose amplitude PDF follows a Rayleigh distribution, is with a theoretical value:
Analysis on the Experimental Imaging and Numerical Results
In this section, the imaging results from the rough surface sample, the image amplitude speckle statistics and the numerical results are to be presented.
Imaging at Different Resolutions and Incident Angles
In Figure 8 , the image examples of the exponentially correlated surface are presented at different resolution scales and different values of θ i . The scattering hot-spots at a VHR scale are observed to be fused into those at the lower resolution scales. In addition, clearly, as θ i increases, the RCS of those spots decrease. The presented images are obtained at one of the 20 φ positions and along with the results at other φ positions, they are used to produce the speckle results.
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After the amplitude PDF results based on experimental images are presented, the corresponding averaged RCS σ RCS , the averaged scattering coefficients σ 0 , the fitted α of the K-distribution and the computed γ are listed in the Table 4 for referencing purpose. Further, the computed γ in case of different θ i are plotted via resolution cell sizes in Figure 11 . The coarse but not perfect trends can be well observed, that the γ curves are approaching to the γ R = 0.5227 with the rising of the resolution cell size. The imperfection in those trends is also due to the limited sample size. Also in Figure 11 , the results of computed γ results without antenna pattern compensation conducted in the imaging process are also presented, showing the necessity of such a treatment in the chamber imaging experiments for speckle properties.
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Results of Numerical Simulations
Next, the numerical results of 1600 realizations are to be presented, the parameters for this set of simulations are concluded in Table 3 (set 1). For reference purpose, first, the simulated scattering coefficients over the upper space (bi-static) are presented in Figure 12 , including results by one realization and averaged results by 1600 realizations, in cases of θi = 30°, 40° and 50°. It can be clearly Table 1 ). 
Next, the numerical results of 1600 realizations are to be presented, the parameters for this set of simulations are concluded in Table 3 (set 1). For reference purpose, first, the simulated scattering coefficients over the upper space (bi-static) are presented in Figure 12 , including results by one realization and averaged results by 1600 realizations, in cases of θ i = 30 • , 40 • and 50 • . It can be clearly observed that, after averaged over 1600 realizations, the computed bi-static scattering coefficients converges to a smooth distribution. Table 1 ).
Next, the numerical results of 1600 realizations are to be presented, the parameters for this set of simulations are concluded in Table 3 (set 1). For reference purpose, first, the simulated scattering coefficients over the upper space (bi-static) are presented in Figure 12 , including results by one realization and averaged results by 1600 realizations, in cases of θi = 30°, 40° and 50°. It can be clearly observed that, after averaged over 1600 realizations, the computed bi-static scattering coefficients converges to a smooth distribution. Then the backscattering amplitude PDF results in cases of θi = 30°, 40° and 50°, are compared in Figure 13 , with a 3 dB footprint size of 30 mm in diameter. It is very clear that, from θi = 30° to θi = 50°, the larger θi leads to larger fitted а and the amplitude PDF is closer to the Rayleigh distribution. That trend has also been observed in PDF results from measured images (Figures 9 and 10 ). For Then the backscattering amplitude PDF results in cases of θ i = 30 • , 40 • and 50 • , are compared in Figure 13 , with a 3 dB footprint size of 30 mm in diameter. It is very clear that, from θ i = 30 • to θ i = 50 • , the larger θ i leads to larger fitted a and the amplitude PDF is closer to the Rayleigh distribution. That trend has also been observed in PDF results from measured images (Figures 9  and 10 ). For reference, the averaged backscattering σ 0 , fitted α for K-distribution and computed γ are concluded in Table 5 . As can be observed from the results in Tables 5 and 6 , both the experimental imaging and numerical simulation statistics show the same trend, that a larger θ i (from 30 • to 50 • ) leads to the γ closer to the fully developed γ R . That is, as the θ i get larger in the moderate region, the observed VHR speckle of the exponentially correlated sample approaches toward the fully developed speckle.
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Equivalent Scatterer Numbers Prediction
It is well known that the high-resolution speckle properties are different from the fully developed speckle that in the case of low resolution. Driven by the trends of high resolution imaging system development and deployment, it becomes increasingly desired to model the high-resolution speckle for land observations. Starting from the low-resolution basis, the amplitude PDF of Rayleigh is built on the condition that many independent scatters contribute to one resolution cell. It is straightforward to explore new speckle descriptions based on the concept of equivalent number of scatterers [5, 11] .
The K-distribution, especially for the speckle intensity PDF, has been derived based on the mathematical concept of coherent sum of a finite number of field returns [5] . In that derivation, each of the independent scatters is assumed to be K-distributed in amplitude and uniformly random in phase. Under these assumptions, a close form of K-distribution intensity PDF was obtained. For considering image speckle, the number of scatters per resolution N is an important factor and it is proportional to α of the overall K-distribution.
In Reference [11] , the prediction model for the equivalent number of scatterers per resolution cell was proposed based on the concept of sub-area dividing, to quantitatively predict the speckle properties of rough surfaces in high resolution observations. The objective of Reference [11] was to provide a quantitative description linking the equivalent number of scatterers N to the well-established K-distribution, that a larger N generally leads to speckle closer to Rayleigh and a smaller N may lead to a K-distribution further away from the Rayleigh model. A compact formulation is given as in Equation (8), yielding the equivalent number (N) of distributed scatters within a resolution cell size with respect to surface correlation function types, parameters, incident direction and observation frequency [11] .
where k z = k*cos(θ i ), A e is the area of a resolution cell (not image pixel and n is 1 for the exponential correlation, 2 for the Gaussian correlation function, with t = 1 [11] . It should be noted that the α of the overall K-distribution is also proportional to α of the sub-scatters (α s ) and a relationship can be concluded as α = N*(α s ). It is also important that in the rough surface scattering, the α s namely the K-distribution parameters for the "independent scatters" may vary according to surface roughness parameters and incident angle θ i . It is possible that in the radar image speckle from rough surfaces, if there is only one equivalent scatter in a resolution cell but the scatter is with Gaussian statistics (α s is very large), then the overall image speckle properties acts as fully developed. On the other hand, if there is a sufficiently large N so that N*(α s ) is sufficiently large, then the overall image speckle properties also act nearly as fully developed.
The experimental results that larger resolution cell size leads to a more Rayleigh distribution, agrees with common sense, as well as the theory prediction for equivalent number of scatterers. In that theory, as the resolution cell size gets larger, the equivalent scatterer number N gets larger while α s keep unchanged, therefore the speckle properties approaches to the Rayleigh model.
Similarity to Sea Surface Scattering-Scattering Scaling Effects
In this work, the focus is on the scattering from exponentially correlated rough surface, especially when the resolution is at the level of correlation length. This is a case that will be encountered in the SAR observations of land surface, as the resolution performance keeps evolving. On the other hand, since the correlation length (l) of the sea surface is much larger so that the SAR imaging resolution is already at the level of l, the non-Rayleigh speckle phenomenon in sea speckle has been widely noticed and studied for decades [5, 12, 13, [20] [21] [22] .
Specifically, the K-distribution has also been derivated for modeling sea speckle as a compound PDF in Reference [12] . In that derivation, the radar speckle is viewed as a multiplicative process z = xy, where the random process y has Rayleigh PDF, with its power modulated by the process x which is assumed to follow the Gamma distribution. The above mathematical description goes along with the physical understanding of two-scale model for the rough sea surface scattering at intermediate incidence angles [13] . In this case the backscatter can be regards as a collection of the small/middle scale returns from the local surfaces such as the Bragg scattering (process x), while the strength of those returns is modulated by the long scale undulation of the surface through tilting and other mechanisms (process y). Apparently, both the scattering from short scale roughness and long scale roughness modulation are functional for the total scattering.
Actually, one can find the similarity of the scattering process from exponentially correlated rough surface to that from sea surface, especially when the resolution cell size is close to the correlation length. In this case, the exponentially correlated rough surface contains rich high-frequency roughness leading to scattering source all over the surface as the scattering from short-scale roughness (as can be observed in Figure 14 along the surface interface), meanwhile the undulations at the level of correlation length (long scale roughness) provide with the relatively long scale modulation carrier. The difference in the mechanisms between the scattering from the exponentially correlated rough surface observed in high resolution, to that from sea surface, is due to the lack of intermediate scale Bragg scattering. Because for an exponentially correlated surface there is no wind driven periodic undulation structure.
From both the experimental and numerical results at the very high resolution, it is interesting that when the incident angle θ i gets larger from 30 • to 50 • (moderate region), the speckle are approaching towards the fully developed Rayleigh description. The answer to this phenomenon, however, can also be found from the knowledge in scattering mechanisms from sea surface [22] [23] [24] . In Reference [24] , the scattering mechanisms were discussed in the aspects of roughness scales for the two-scale or more precisely multi-scale sea rough surface. Specifically, the wavelength filtering effect is states that when the incident angle becomes larger, the dominating factor shifts from long-scale roughness towards short-scale roughness [22] [23] [24] . And for the vertical polarization, this effect is more notable than that of horizontal polarization [24] . If the effect of long-scale roughness is weakened enough due to the enlarging of θ i in the moderate region, then the multiplicative process is weakened because that the scattering from short-scale is taking the dominance of scattering mechanism, as well as the speckle properties. And the scattering from short scale roughness most possibly follows a Rayleigh PDF. It is interesting that, from the results of simulated sea backscattering in Reference [21] , one can find that the speckle PDF results is also approaching toward Rayleigh when θ i get larger in the moderate region.
Based on the rich knowledge from the research on sea surface scattering, the observed VHR speckle variation from exponentially correlated rough surface in the moderate θ i region, can be clearly explained: the multiplicative effect of scattering process is weaker when the θ i get larger from small to moderate, as the effects of carrier long-scale roughness gets weaker. In this case, because the scattering from short scale roughness gets more dominating as the θ i get larger and itself acts as Gaussian, the overall speckle distribution approaches towards the Rayleigh model.
Further Discussions on the Two Factors
The widely applied K-distribution in modeling non-Rayleigh speckle, can be either descripted based on the concepts of equivalent number of (independent) scatter N [5, 11] and the two-scale scattering of multiplicative process [12, 13] . To further explore the VHR speckle properties from exponentially correlated rough surface as a significant description for ground roughness and to discuss the dominating factors, another set of computations are performed for analysis (parameters in Table 3 (set 2)). Specifically, different RMS height h are considered: 2 mm (0.21λ), 4 mm (0.43λ), 8 mm (0.85λ), 12 mm (1.28λ@32 GHz) at θ i = 30 • . For each cases of h, still 1600 realizations are computed for the speckle analysis. In Figure 14 , the recorded Electric fields at 32 GHz in the incident plane cut of the computation domain in one specific realization were presented, as an intuitive exhibition for the difference of scattering process in case of different h. It seems that, when h = 4 mm, occasional specular reflection may contribute to the backscattering of θ i = 30 • . Actually as shown in the scattering coefficient results of Figure 15 , the backscattering at h = 4 mm is larger than those at h = 2 mm, h = 8 mm and h = 12 mm. In Figure 15 , it is also interesting to observe that, as the h changes from 2 mm to 12 mm, the dominate bi-static scattering region gradually moves from the forward region (h = 2 mm) to the backward region (h = 12 mm). Also, the averaged computed backscattering coefficients are listed in Table 4 and a good agreement with the AIEM results can be observed. The computed amplitude speckle results are then presented in Figure 16 and Table 7, showing that: at the lowest and highest considered RMS height h values, the backscattering speckle amplitude PDF is very close to the Rayleigh distribution; meanwhile at the moderate h of 4 mm, the PDF is away from the Rayleigh one. The observed trends of speckle properties are interesting that it can be directly explained by neither the concept of equivalent number of scatterers, nor two scale scattering multiplicative process as the scattering scale factor. The equivalent number of scatterers theory predict that the N varies from several, to tens and then to thousands, as the RMS height changes from 2 mm to 12 mm, at the resolution level of 30 mm and θ i = 30 • . Keep in mind that the overall α is proportional to both the N and the statistical property of each independent scatters (α s ), in the theoretic framework of equivalent number of scatterers. The rapid change of the estimated α s shown in the last line of Table 7 as the RMS h varies from 2 mm to 4 mm, is hard to be anticipated when using the equivalent number of scatters theory, if one does not consider other understandings on the scattering mechanisms. On the other hand, the long scale undulate gets more severe as the RMS height gets larger, the two scale multiplicative scattering process should be strengthened. It is also hard to understand that the counted α keeps getting larger as the RMS h varies from 4 mm to 12 mm (Table 7) , if one only considers the explanation of the two scale multiplicative scattering process. Clearly, none of the two theories that produces monotonous trend prediction, can be independently used to explain the data results with such a non-monotonous trend. Tables 1 and 3(set 2) . Table 7 . Comparisons of the average intensity values and amplitude speckle values from simulated backscattering results by 1600 realizations, at the footprint size of 30 mm (3.2λ, 0.63l), Sample and computation parameters are in Tables 1 and 3(set 2) . Actually, it is most possible that both of the two effects should be considered in analyzing and further modeling the VHR speckle from exponentially correlated rough surface. When the RMS height is 2 mm, the slope of the rough surface is very small (0.042). Although the predicted equivalent number of scatterers within resolution cell size is small, those short-scale scatters remain a random Gaussian process without notable long-scale modulation. Therefore, with a large number of realizations (or return cells) the speckle remains the fully developed Rayleigh description. When the RMS height is 12 mm, the slope of the rough surface gets to 0.25, the process of long scale modulation of scattering from short-scale roughness should be notable. However, the equivalent scatterer number is too large (thousands) in this case; it is very likely that such a large number of scatters overwhelms the modulation effect, so that the VHR speckle is close to being fully developed again. Then it is worthy to get back to the case of h = 4 mm. One can found that, in this case, the scatterer number is moderate (tens) and not large enough, then the notable two-scale modulation effect drives the speckle PDF away from the Rayleigh distribution to the K-distribution with a moderate α.
RMS Height

Conclusions
In this work, the very high-resolution (VHR) speckle properties from exponentially correlated rough surfaces representing ground roughness is investigated by experimental measurements and numerical simulations. Both the equivalent scatterer number theory and scattering scale description of two scale multiplicative process can be found informative and perspective in analyzing the experimental and numerical results of VHR SAR images. However, by neither of them one can comprehensively explain the observed trends in the results. It is evident from the results that if the equivalent number of scatterers is not sufficiently large, the two-scale multiplicative scattering process may drive the VHR speckle PDF away from the fully developed Rayleigh description. Also, the dominance of a sufficiently large equivalent number of scatterers is also observed and that leads the VHR speckle properties close to the fully developed model even when the resolution cell size is smaller than the correlation length. It is confirmed that the equivalent number of scatterers may be useful in setting a bar for the VHR speckle modeling on exponentially correlated rough surfaces, below which the multiplicative scattering process should be considered and above that bar the Rayleigh model can be sufficient for modeling speckles. 
